A plasma mirror based on a laminar water film with low flow speed (0.5 -2 cm/s) has been developed and characterized, for use as an ultra-high intensity optical reflector. The use of flowing water as a target surface automatically results in each laser pulse seeing a new interaction surface and avoids the need for mechanical scanning of the target surface. In addition, the breakdown of water does not produce contaminating debris that can be deleterious to vacuum chamber conditions and optics such as is the case when using conventional solid targets. The mirror exhibits 70% reflectivity, while maintaining high-quality of the reflected spot.
INTRODUCTION
The effect of self-induced plasma shuttering and subsequent reflection of laser beams from the ensuing critical density layer of the plasma is commonly referred to as plasma mirror (PM) production. Generation of a PM can occur when the early part of a ultrashort, typically sub-picosecond laser pulse is incident on a material with intensity sufficient to ionize it and produce plasma with the electron density exceeding critical (2 x 10 21 cm -3 for 800nm light) that reflects the remainder of the laser pulse [1] . For ultrashort, intense laser pulses, this plasma layer will have limited expansion on the femtosecond scale and can therefore act as a high quality reflective surface for the rest of the laser pulse. By appropriately selecting the interaction parameters (i.e. the intensity and the spot size), a significant portion of the laser energy can be specularly reflected.
Plasma mirrors have proven to be extremely useful for improving the temporal contrast of multi-TW, femtosecond laser systems [1] [2] [3] . Such systems frequently suffer from high levels of unwanted amplified spontaneous emission (ASE) and relatively high level pre-pulses on the sub-nanosecond timescale. For peak intensities associated with 10-100 TW laser systems, these pre-pulses can have enough intensity to generate plasma on the target before the main laser pulse arrives, therefore altering the physics of the intended experimental study. Reflecting the laser pulse off the plasma mirror created on anti-reflection coated optics that initially transmit the low intensity pre-pulses and ASE pedestal, allows significant improvement of the pulse contrast. Plasma mirrors also showed promise for high harmonic generation through coherent wake emission and oscillating relativistic mirror effects [3] . Additional applications may include steering of high intensity ultrashort pulse laser beams close to a focal point where the use of regular optics is precluded by material breakdown. Such steering may be needed in applications where the size of the optical system has to be minimized such as staging of laser plasma accelerators [4] .
Most of the research on the development and application of plasma mirrors has been conducted using solid dielectric targets. Solid targets are attractive because they can be produced with surfaces of high quality. As the plasma is formed on a femtosecond timescale, the profile of the plasma mirror surface matches that of the unionized target. However, there are two critical disadvantages to the solid-state approach. First, mechanical scanning has to be used in order to provide a fresh target surface for every laser shot. While this is acceptable for lasers with repetition rates in the range of 1 to 10 Hz, a significant effort is now devoted to the development of multi-TW laser systems operating at kHz rates [5] where mechanical scanning of the target will be much more challenging. Standard approach of translating a flat transparent optics across the focus of the laser will fast run out of available target surface limiting the possibility of continuous operation of the mirror. Second, laser-induced breakdown of the material surface that precedes the formation of the plasma mirror can produce large amounts of debris [6] . The debris can result in decreased performance and even damage of the conventional optics that are located in the vicinity of the target.
To address these issues, an alternative approach was pursued in which the target was replaced with a laminar-flow, planar liquid jet. As the surface is continuously refreshed, the target requires no replacement, making it ideal for use in multi-TW, kHz systems. The liquid jet concept was first demonstrated by Backus et al. [7] in which a nozzle developed for commercial dye lasers was used with ethylene glycol. Ethylene glycol was chosen for its high viscosity which results in liquid surfaces of good optical quality as well as for its low saturated vapor pressure that allows operation in vacuum. However, its carbon-based composition makes it undesirable from a contamination perspective.
Using water as a target would eliminate the contamination, since hydrogen and oxygen will not deposit on the optical surfaces. The development of a planar water jet however, represents a significant challenge due to the low viscosity of water (about 20 times smaller than that of ethylene glycol). Avoiding turbulence that would make the jet unusable as an optical reflection surface requires operation at low flow velocities to ensure a small Reynolds number. Reducing the flow velocity in turn makes the water jet susceptible to surface-tension induced collapse of the planar jet before the surface becomes stable.
In order to prevent this collapse a guiding structure can be used, where a liquid film flows between two guiding wires. Wire guided films have been used previously for Raman spectroscopy of water and proved to be a reliable way of creating stable laminar flow water films [8] . The quality of the specular reflection off such films, which is essential for their use as plasma mirrors, has not been characterized previously.
In this paper, a plasma mirror based on a laminar flow water film is demonstrated. The mirror reflectivity reached 70%, which is similar to reflectivities obtained from solid targets. This approach will be useful for applications with future multi-TW laser systems working at high repetition rates.
DESIGN OF LAMINAR FLOW PLANAR WATER JET.
In the experiments, a water film was formed in a 4-mm diameter round opening drilled in 60-micron thick piece of stainless steel shim. Water is fed onto the shim from a 0.5 mm round glass nozzle positioned at 60 degrees above the opening, as shown in Fig The flow from the nozzle was supplied by a reservoir filled with water and driven by gravity, allowing for 1 hour of continuous operation. A straightforward modification of the apparatus would allow for recirculation and a continuous operation [7] .
A 125-micron thick bronze mesh with 0.35mm holes was glued on the back of the shim, so that the water flowed on top of the mesh. Due to surface tension, water did not penetrate into the openings of the mesh. The latter was confirmed by observing the fringe pattern between a beam transmitted through a single hole in the mesh and a reference beam in a Michelson interferometer. The fringe pattern under standard operating conditions (in air), shown in the inset in Fig.1 , is almost straight, indicating little or no curvature of the surface. When the water was forced into the mesh openings, the fringes would form a characteristic Newton ring pattern. A Ti:Sapphire laser pulse, split-off before the final compressor of a chirped pulse amplification system was used to measure the thickness of the jet using time-of-flight method in a Michelson interferometer. The guiding structure with the water film was positioned in one of the arms and the shift of the fringe pattern due to pulse propagation through the water film was analyzed. The 30nm bandwidth of the pulse allowed measurement with accuracy of about 15 microns. At the flow speeds between 0.5cm/s and 2cm/s the thickness of the jet was found to depend almost linearly on the velocity following the equation d[µm]=316×v[cm/s]+102. At higher velocities the thickness measurements were not repeatable and this is attributed to instabilities on the back (free) surface of the jet. At speeds lower than 0.5cm/s, the flow out of the capillary nozzle would break into discreet drops. This range of velocities for which the thickness measurement was repeatable corresponds to Reynolds numbers between 1.5 and 16.5. Instability at such low Reynolds numbers is not surprising since it has been shown that a free falling film is unstable (i.e. a class of undamped waves exists) at all finite Reynolds numbers [9] . However the rate of amplification for the instability falls with Reynolds number which explains an observed velocity range where the flow is stable.
It should be noted that the bronze mesh was not necessary in order to achieve stable laminar flow of water under atmospheric pressure. In this case, the water film would be simply formed in the round opening similar to the wire-guided jet described in ref. [8] . In practice, however, the water jet plasma mirror must be operated in vacuum to avoid selffocusing of the high-power laser and laser-induced breakdown of the air upstream of the jet. It was found that under these low-ambient-pressure conditions, the water film was susceptible to rupture in the absence of the mesh. This may be due to an instability triggered by evaporation of the liquid, such as the Bernard or Marangoni instabilities [10] . The wave numbers of such instabilities, in units of inverse thickness of the layer, are usually of the order of unity, which implies that the spatial period of instability is of the order of the layer thickness [11] . The mesh, having a period of the same order, limits the free surface of the liquid and can therefore stabilize the free surface. A detailed analysis of the stability of the free surface is outside the scope of this paper.
PERFORMANCE OF THE PLASMA MIRROR
The performance of the plasma mirror was characterized by determining its reflectivity and surface quality. This was done by measuring the energy and mode shape of 40 fs, 800 nm pulses from a Ti:Sapphire amplifier system before and after reflection as a function of incident intensity The temporal contrast of the pulse was enhanced by a crossed polarized wave (XPW) system [12] . Figure 2 shows a representative example of the full power laser contrast as used during the experiments. The measurement was made using a commercial third-order cross-correlator. The contrast with respect to the prepulse was about 10 -5 while the amplified spontaneous emission background was suppressed by more than 10 -8 . The pedestal between -5 ps and -1 ps has been reduced in subsequent work and may be due to a misalignment of the laser path into the cross-correlator.
For the reflectivity measurements, the water jet was mounted in a vacuum chamber. An s-polarized beam entered the chamber through an AR coated window and was focused on the water film, at a 45-degree incidence angle, with a 140-mm focal distance achromatic lens positioned inside the chamber. The lens was mounted on a remotely controlled translation stage in order to adjust the position of the focus relative to the water film. Visible luminescence from the plasma at laser intensities close to the dielectric breakdown threshold was used to position the focus of the beam on the target. A conjugate pair of plano-convex 300mm focus lenses outside the chamber collected reflected light and directed it to a CCD camera. The CCD camera was calibrated against the input energy of the laser. The pulse energy was detected on every shot with a photodiode sampling the 0 th order reflection from one of the compression gratings. The photodiode was calibrated against an energy meter (Coherent J-25a). The energy of the laser pulse was tuned by varying the timing of the Q-switched pulses on the Nd:YAG pump lasers, which resulted in relative time delay between the 532-nm pump pulses and the 800 nm signal pulse on the Ti:Sapphire crystal in the final amplifier.
The reflectivity of the plasma mirror as a function of the input pulse intensity is shown in Fig.3 . At low power, the observed reflectivity was 5% in good agreement with the calculated Fresnel reflection value of 6% using the refractive index of water, n=1.33. The plasma mirror 'triggers' around 3-4 x 10 13 W/cm 2 , consistent with the results obtained by other groups using solid targets [13] . The reflectivity curve starts to saturate at 1x10 15 W/cm 2 reaching maximum reflectivity of 68% at the input intensity of 5 x 10 15 W/cm 2 . This maximum reflectivity is similar to, but somewhat lower than that demonstrated previously. For example, the authors of [12] observed a maximum reflectivity from a solid target of 80% at an incidence angle of 6°, however the Figure . 3. Reflectivity of the water jet at a pressure of 50 Torr (solid squares) and nitrocellulose foil at pressures of 40 Torr (empty triangles) and 10torr (empty circles). reflectivity for 45° incidence was only 65%. Similarly the highest reflectivity achieved from an ethylene glycol liquid jet plasma mirror at 45° was close to 80% [5] .
The pressure in the chamber in our experiments was around 50 Torr -significantly higher than used in solid target or ethylene glycol experiments due to the high saturation pressure of water vapor (~20 torr). A spectral analysis of the pulses indicates the presence of a slight amount of blue-shifting after reflection, which is attributed to the result of ionizing the background gas inside the chamber. [14] . Ionization-induced defocusing may therefore play a role in the saturation of the mirror reflectivity at high intensities.
In order to test the influence of the residual gas and compare the performance of the water jet plasma mirror to the one based on a solid target, the reflectivity of a nitrocellulose foil was evaluated. Within the error margin of the measurements, the reflectivity of the foil was the same at a similar pressure in the chamber. Under a reduced pressure of 10 Torr the reflectivity saturated somewhat slower, indicating that the residual gas contributes to the saturation. Beyond this contribution the saturation of the reflectivity at high intensities can be explained by laser absorption in plasma. Doumy et. al. [15] simulated the response of a silica plasma mirror using one dimensional Lagrangian fluid code. In this simulation, saturation of the reflectivity at 65% was observed due to collisional absorption in plasma. Their model predicted a further increase of the reflectivity above a plateau at cumulative fluences above 100 J/cm 2 due to the heating of the plasma and decrease in the collision rate. Although a maximum fluence in our experiments was of the order of 2*10 3 J/cm 2 , the predicted increase in reflectivity has not yet been observed. One possible explanation for this discrepancy may be that a lower plasma density is obtained from water compared to silica-based targets due to the fact that the silicon atoms are capable of contributing more electrons per atom than hydrogen. Further numerical simulation will be required in order to check this conclusion as well as to investigate the possibility of obtaining higher reflectivities. For example, a slight rotation of the laser polarization may result in more efficient heating of the plasma through resonant absorption of the p-polarized component resulting in a decrease in collisional absorption and increase of the overall reflectivity.
In order to check the quality of the spatial mode, the reflected beam was refocused by a conjugate lens pair and imaged onto a CCD with a 10-x microscope objective. In order to benchmark the reflected spots against the quality of the original laser mode, the water jet surface was replaced with a BK-7 wedge. The wedge was positioned slightly upstream off the focus of the input laser beam in order to avoid the glass breakdown.
The lineouts of the images of the input beam and of the beam reflected from the water jet surface are shown in Figure 4 . The water jet reflection was recorded at a laser intensity below the plasma mirror onset threshold and at a laser power corresponding to the maximum reflectivity of the plasma mirror. The beam at the full power has a top-hat profile, which is consistent with operating at the saturated part of the reflection curve in Fig. 3 . The beam reflected off the water jet, both at low and high laser intensities, appears astigmatic compared to the beam at the absence of the water jet. This effect can stem from the slight curvature of the water jet surface, which will produce astigmatism at a reflection angle of 45°. Although interference measurements in air (see Fig.1 .) did not indicate significant curvature of the jet, the curvature could increase at vacuum conditions due to increased pressure differential between the liquid and the surrounding gas. Unfortunately the geometry of the vacuum chamber did not allow interferometric measurements of the curvature, which will be the subject of the future work.
CONCLUSIONS
In conclusion, the feasibility of producing a plasma mirror based on a flowing water film has been demonstrated. The plasma mirror shows nearly 70% reflectivity which is comparable to results demonstrated with solid-state targets, while having the advantage of automatic renewal of the surface which may become a critical feature with the development of higher repetition rate multi-TW laser systems. Additionally, using water as a target eliminates the problem of carbon-containing debris.
It should be noted that incorporating a water-based plasma mirror into an ultrafast laser beam line requires locally a relatively high pressure zone, with pressure higher than the saturated vapor pressure of water (~20 Torr at room temperature). As this pressure is several orders of magnitude higher than pressures typically used in vacuum chambers for laser-plasma interaction physics and hence requires a differential pumping system is required in order to maintain acceptable pressure in the beam line. Such systems have been developed previously for round capillary water jets used as targets for x-ray generation [16] . 
